NEUROTRANSMITTER REVIEW

tration triggers the release of neurotransmitter molecules
into the synaptic cleft.

Two large groups of receptors exist that elicit specific
responses in the receptor cell: Receptors that act as ligand-
gated ion channels result in rapid but short-lived responses,
whereas receptors coupled to second-messenger systems
induce slower but more prolonged responses.

Ligand-Gated Channel Receptors. When a neurotransmit-
ter molecule binds to a receptor that acts as a ligand-gated
ion channel, a channel opens, allowing ions to flow across
the membrane (see figure). The flow of positively charged
ionsinto the cell depolarizes the portion of the membrane
nearest the channel. Because this situation is favorable to
the subsequent generation of an action potential, ligand-
gated channel receptors that are permeable to positive ions
are called excitatory.

Other ligand-gated channels are permeable to negatively
charged ions. Anincrease of negative charge within the cell
makes it more difficult to excite the cell and induce an action
potential. Such channels accordingly are called inhibitory.

Second Messenger-Linked Receptors. Second messengers
(e.g., G proteins) are molecules that help relay signals from
the cell’ s surface to itsinterior. Neurotransmitters that bind
to second messenger-linked receptors, such as dopamine,
initiate a complex cascade of chemical eventsthat can
either excite or inhibit further electrical signals (see fig-
ure). The neurotransmitters also may attach to receptors on
the transmitting cell’ s own presynaptic sites, beginning a
feedback process that can affect future communication
through that synaptic cleft.

With so many different receptors on its cell surface, some
of the signals the neuron receives will have excitatory ef-
fects, whereas others will be inhibitory. In addition, some of
the signals (e.g., those transmitted through ligand-gated
channels) will induce fast responses, whereas others (e.g.,
those transmitted through second messenger-linked proteins)
will trigger dow responses. The integration by the neuron of
these often conflicting signals determines whether the neu-
ron will generate an action potential, rel ease neurotransmit-
ters, and thereby exert an influence on other neurons.

NEUROTRANSMITTERS AND ALCOHOL

Among the neurotransmitters of most interest to a cohol
researchers are dopamine, serotonin, glutamate, gamma-
aminobutyric acid (GABA), opioid peptides, and adeno-
sine, al of which are featured in this special section. These
molecules generally fall into three categories: (1) excita-
tory neurotransmitters (e.g., glutamate), which activate the
postsynaptic cell; (2) inhibitory neurotransmitters (e.g.,
GABA), which depress the activity of the postsynaptic cell;
and (3) neuromodulators (e.g., adenosine), which modify
the postsynaptic cell’ s response to other neurotransmitters.
Neurons that release these substances form the basis of
neural circuitsthat link different areas of the brainin a

complex network of pathways and feedback loops. The
integrated activity of these circuits regulates mood, activi-
ty, and the behaviors that may underlie disorders such as
acoholism. m
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Dopamine is a neuromodulator that is used by neurons
in several brain regions involved in motivation and re-
inforcement, most importantly the nucleus accumbens
(NAc). Dopamine alters the sensitivity of its target neu-
rons to other neurotransmitters, particularly glutamate.
In addition, dopamine can affect the neurotransmitter
release by the target neurons. Dopamine-containing
neurons in the NAc are activated by motivational stim-
uli, which encourage a person to perform or repeat a
behavior. Even low alcohol doses can increase
dopamine release in part of the NAc. This dopamine re-
lease may contribute to the rewarding effects of alcohol
and may thereby play a role in promoting alcohol con-
sumption. In contrast to other stimuli, alcohol-related
stimuli maintain their motivational significance even af-
ter repeated alcohol administration, which may con-
tribute to the craving for alcohol observed in alcoholics.
Key worps: dopamine; dopaminergic receptors; cell sig-
naling; neurotransmission; reinforcement; motivation;
neurotransmitters; nucleus accumbens; brain; neuron;
sensory stimuli; AOD craving; AOD dependence; neu-
robiological theory; literature review

any substances that relay signals among neurons
M (i.e., neurotransmitters) are affected by alcohol.

Among these, dopamine has received special
attention, because several studies have found that alcohol
stimulates the activity of a subset of dopamine-releasing
neurons and thus enhances dopamine-mediated (i.e.,
dopaminergict) signal transmission in a discrete brain area
called the nucleus accumbens (NAc) (Di Chiaraand
Imperato 1985; Imperato and Di Chiara 1986; Gessa et al.
1985). Alcohoal shares this property with most substances
of abuse (Di Chiara and Imperato 1988), including nico-
tine, marijuana, heroin, and cocaine (Pontieri et al. 1995,
1996; Tanda et al. 1997). These observations have stimu-
lated many studies on dopamine'srolein alcohol abuse
and dependence, aso with the intent of finding new phar-
macological approaches to alcoholism treatment. This
review summarizes some of the characteristics of dopamin-
ergic signal transmission as well as dopamine’ s potential
rolein acohol reinforcement.
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DoraMINE PRODUCTION AND DISTRIBUTION
IN THE BRAIN

Dopaminergic neurons produce dopamine from the dietary
amino acid tyrosine. The neurons then store the dopamine
in small compartments (i.e., vesicles) in the terminals of
their axons. When the dopaminergic neurons are activated,
the resulting change in the electrical charges on both sides
of the cell membrane (i.e., depolarization) induces dopa
mine release into the gap separating the neurons (i.e., the
synaptic cleft) through a process called exocytosis. (For
more information on the processes involved in nerve signal
transmission within and among neurons, see the article
“The Principles of Nerve Cell Communication,” pp. 107-108.)
To terminate the signaling process, the neurons recapture
dopamine through a specific carrier system located on the
cell membrane.

Distribution of Dopaminergic Neurons

Dopaminergic neurons originate in three cell groups locat-
ed in the brain stem. These cell groups are labeled A8, A9,
and A10 and correspond to brain regions called the retro-
rubral field (A8), the substantia nigra pars compacta (A9),
and the ventral tegmental area (VTA) (A10). From these
cell groups, the axons of dopaminergic neurons extend to
discrete regions of the forebrain, forming the following
three neuronal systems (figure 1):

e Thenigrostriatal system comprises dopaminergic neu-
rons that originate in the A9 group and terminate in a
region called the dorsal striatum. Thisregion, which
includes the caudate nucleus and the putamen, isin-
volved in learning to automatically execute complex
movements triggered by a voluntary command (e.g.,
driving a car). The degeneration of dopaminergic neu-
ronsin the dorsal striatum causes the motor disturb-
ances that occur in Parkinson’s disease.

» A second circuit, the mesolimbic system, originatesin
the A10 and part of the A9 groups. These neurons ter-
minate in the ventral striatum, which includes the NAc
and the olfactory tubercle, the septum, the central amyg-
dala, and the bed nucleus of the striaterminalis
(Ungerstedt 1971). The ventral striatum playsarolein
the learning and performing of certain behaviorsin
response to incentive stimuli (i.e., motivation).

A third group of dopaminergic neurons originates in the
A9 and A10 groups and terminates in various regions of
the cerebral cortex that are involved in attention and
short-term memory, forming the mesocortical system
(Thierry et a. 1973).
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of Toxicology, University of Cagliari, Italy.

Frontal Cortex

Mesocortical
system

Mesolimbic
system

Figure 1 Schematic representation of the major
dopaminergic systems (viewed from the top of
the head). The nigrostriatal system originates in
the A9 cell group and extends to the dorsal
striatum, which includes the caudate nucleus and
putamen (CPU). The mesolimbic system
originates primarily in the A10 cell group and
extends to the ventral striatum, which includes
the nucleus accumbens (NAc) and the olfactory
tubercle (OT). The mesocortical system also
originates primarily in the A10 cell group and
affects various regions of the cerebral cortex.

SOURCE: Adapted with permission from Di Chiara, G. In vivo
brain dialysis of neurotransmitters. Trends in Pharmacological
Sciences 11:116-121, 1990.

This rather specific distribution pattern of dopaminergic
neurons contrasts with other related neurotransmitter sys-
tems (e.g., serotonin or noradrenaline), which affect most
regions of the forebrain.

Among the brain areas affected by dopaminergic neu-
rons, the NAc plays a pivotal role. The NAc can be divided
into a“shell” region and a“core” region (Heimer et a.
1997) (figure 2). The shell is part of acomplex of brain
structures called the extended amygdala, which isinvolved
in integrating emotions to elicit appropriate motor, auto-
nomic? (i.e., visceral), and hormonal responses. The NAc
core, in contrast, belongs to agroup of brain areas called

1The term “dopaminergic” refers to both the neurons and the signaling
processes that use dopamine. See figure in glossary, pp. 177-179, for
more information.

2Autonomic, or visceral, responses regulate the involuntary bodily
functions, such as heart rate, blood pressure, and gastrointestinal activity.
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the striato-pallidal system, which playsaroleintheinte-
gration of motor responses. The NAc interacts with three
major brain systems: It receives motivationally relevant
information from a brain system called the septo-
hippocampal system, which isinvolved in learning and
memory. The NAc then funnels this information to other
parts of the extended amygdala and the striato-pallidal
system to elicit voluntary motor responses, visceral motor
responses, and hormonal responses.

Dopaminergic neurons reach not only the NAc, but also
other areas of the extended amygdala as well as parts of the
septo-hippocampal system. Consequently, dopamine acts
at multiple sites to control the integration of biologically
relevant information that determines motivated responding.

CELLULAR ACTIONS OF DOPAMINE

To affect itstarget cells, dopamine interacts with specific
docking molecules (i.e., receptors) on the target-cell sur-
face. Dopamine receptor subtypesfall into two families: the
D,-like family, which includes the receptor subtypes D, and
Ds, and the D,-like family, which includes the receptor
subtypes D,, D5, and D,. When dopamine interacts with
these receptors, they activate certain proteins within the cell
called G proteins. These proteins, in turn, can affect the
activity of channelsin the cell membrane that allow the
flow of charged particles(i.e., ions) into and out of the cell.
Changes in the activity of these ion channels make it either
easier or more difficult to excite the cell. In addition, G
proteins regulate the production of small signaling
molecules (i.e., second messengers) within the cell. (For
more information on G proteins and second messengers, see
the article by Dohrman and colleagues, pp. 136-143.)
Because dopamine does not affect the activity of ion chan-
nelsdirectly and therefore is unable to excite or inhibit its
target cdlls, it often is not considered a neurotransmitter but is
called aneuromodulator (Kitai and Surmeier 1993; Di Chiara
et d. 1994). Thus, dopamine modulates the efficacy of signd
transmission mediated by other neurotransmitters. Dopamine
exertsits effects through two digtinct mechanisms (Di Chiara
1995). First, dopamine dters the sengitivity with which
dopamine-receptive neurons respond to stimulation by classi-
ca neurotransmitters, particularly glutamate.® This mechanism
is referred to as the phasic-synaptic mode of dopaminergic
signal transmission. Second, dopamine can modulate the effi-
cacy with which dectrica impulses generated in dopaminergic
or nondopaminergic neurons result in neurotransmitter release
from the nerve terminals of these signa-emitting (i.e., pre-
synaptic) cdlls. This presynaptic influenceis part of the tonic-
nonsynaptic mode of dopaminergic signal transmission.

Dopamine’'s Phasic-Synaptic Actions

To modul ate the responsiveness of neighboring neurons to
glutamate, dopamine modifies the function of ion channels
in the membrane of the signal-receiving (i.e., postsynaptic)

neuron. The activity of some of these ion channels (i.e.,
whether they are open or closed) depends on the voltage
difference, or potential, between the inside and the outside
of the cell membrane adjacent to these channels. These
channels therefore are called voltage-dependent channels.
Through its effects on G proteins, dopamine indirectly
modifies the sensitivity with which voltage-dependent
channels respond to changes in the membrane potential
that occur when glutamate binds to its receptors, which
also act asion channels (i.e., receptor-operated channels).

Dopamine’ s effects on neuronal function depend on the
specific dopamine-receptor subtype that is activated on the
postsynaptic cell. For example, different subpopulations of
neurons in the striatum carry different dopamine receptors
on their surfaces (Le Moine et a. 1990, 1991; Gerfen
1992). Dopamine binding to D, receptors enhances the
excitatory effects that result from glutamate' sinteraction
with a specific glutamate receptor subtype (i.e., the NMDA
receptor?). Conversely, activation of D, receptors inhibits
the effects induced by glutamate’ s binding to another gluta-
mate-receptor subtype (i.e., the AMPA receptor®) (Cepeda et
al. 1993). (For more information on glutamate receptor
subtypes, see the article by Gonzales and Jaworski, pp. 120—
127.) Consequently, dopamine can facilitate or inhibit exci-
tatory neurotransmission, depending on the dopamine-
receptor subtype activated. Moreover, even with the same
receptor affected, dopamine’ s effects can vary, depending
on the potential of the membrane where dopamine receptors
are activated (Kitai and Surmeier 1993).

Dopamine's Tonic-Nonsynaptic Actions

Both dopaminergic and nondopaminergic neurons also carry
dopamine receptorsthat are located on the nerve terminas
outside the synapse (i.e., are extrasynaptic). Dopamine that
has been released from anerve terminal into the synaptic cleft
can travel out of the synapse into the fluid surrounding the
neurons and activate these extrasynaptic receptors. Through
this mechanism, dopamine modul ates the neurotransmitter
release that isinduced by cellular excitation (i.e., neurotrans-
mitter secretion). For example, activation of some extrasynap-
tic Do-family receptors can inhibit the release of dopamine
itsdlf, thereby reducing dopaminergic signal transmission.

Activation of some extrasynaptic receptors of the D, and
D, families also modulates the release of other neurotrans-
mitters (e.g., acetylcholine, glutamate, and gamma-
aminobutyric acid) by nondopaminergic neurons (Starke
1981; Chesselet 1984). Thus, dopamine-mediated activation
of extrasynaptic D, receptors enhances, and activation of

3Glutamate is the major excitatory neurotransmitter; that is, glutamate
stimulates the signal-receiving cell.

“N-methyl-p-aspartate, or NMDA, is achemical that specifically acti-
vates this glutamate-receptor subtype.

SAminomethy! propionic acid, or AMPA, is achemical that specifically
activates this glutamate-receptor subtype.
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extrasynaptic D, receptors reduces, the release of these
neurotransmitters. As mentioned previously, D,- and D,-
family receptors are not evenly distributed among dopamin-
ergic cells (e.g., in the striatum). Accordingly, dopamine's
tonic-nonsynaptic actions could modulate the flow of infor-
meation across the striatum in the following ways:

* By stimulating D,-family receptors, which reduce neu-
rotransmitter release, dopamine could reduce signals
that represent “ background noise,” thereby ultimately
sharpening the transmission of information across the
striatum.

+ By stimulating D,-family receptors, which enhance neu-
rotransmitter release, dopamine could facilitate the trans-
mission of information from the striatum to other brain
areas (Spano et al. 1977; Martin and Waszczak 1994).

DopPAMINE’S ROLE IN BEHAVIOR

A large body of evidence indicates that dopamine plays an
important role in motivation and reinforcement® (Wise 1982;
Robbins et al. 1989; Di Chiara 1995). The precise role of
dopamine in behavior depends on three factors. These fac-
torsinclude (1) the type of stimuli that activate dopaminer-
gic neurons, (2) the specific brain area(s) affected by
dopamine, and (3) the mode of dopaminergic neurotransmis-
sion (i.e., whether phasic-synaptic or tonic-nonsynaptic).

Dopaminergic neurons are activated by stimuli that
encourage a person or animal to perform or repeat a certain
behavior (i.e., motivational stimuli). These stimuli con-
vergeinthe A8, A9, and A10 dopaminergic cell groups.
From there, the information is passed on to the various
brain areas where dopaminergic neurons terminate.
Consequently, through the activation of dopaminergic
neurons, motivational stimuli can influence the activity of
various parts of the brain that might serve different behav-
ioral functions. This mechanism may be one reason under-
lying the wide range of dopamine’'srolesin behavior.

The diversity of dopamine’ sroles also derives from the
fact that dopaminergic neurons belonging to different sys-
tems (e.g., the nigrostriatal, mesolimbic, and mesocortical
systems) respond to different kinds of motivational stimuli.
Two kinds of motivationa stimuli exist: appetitive and con-
summatory. Appetitive stimuli serve to attract an individual
to areward (e.g., food) so that the individua can attain it.
Consummatory stimuli serve to maintain the individual’s
contact with the reward so that the individual can useits
biological properties (e.g., the caloric content of food). Some
dopaminergic neurons (e.g., mesocortical neurons) are acti-
vated by both appetitive stimuli (e.g., the smell of afood or
the sight of a specific bowl in which the food is aways
served) and consummatory stimuli (e.g., the taste of a highly
palatable food). Conversely, other dopaminergic neurons

SFor a definition of these and other related terms, see box, p. 112.

Shell

Figure 2 Key areas of the brain (e.g., striatum and
extended amygdala) with dopaminergic transition
(viewed in a cross-section of the left hemisphere
of the brain). The striatum includes the caudate
nucleus and putamen (CPU) (dark blue) as well
as the nucleus accumbens core (yellow) and shell
(red). The extended amygdala is distinguished
into a central division (red) and a medial division
(light blue). The central division includes the nucleus
accumbens shell, the lateral part of the bed nucleus
of stria terminalis (BSTL), the central amygdala (CE),
and other neuronal groups bridging these areas
(IPAC). From these structures, neurons extend to
the lateral hypothalamus (LH), visceral nuclei in the
brain stem (MPT), and medulla. The medial division
of the extended amygdala includes the medial part
of the bed nucleus of stria terminalis (BSTM), the
medial amygdala (ME), and other associated
neuronal groups. Neurons originating in the medial
division extend to the medial hypothalamus (MH).

SOURCE: Adapted with permission from Heimer et al. 1997.

(e.g., mesolimbic neurons) are activated only by consum-
matory stimuli (Bassareo and Di Chiara 1997).

The different modes of dopaminergic signal transmis-
sion also might serve different functionsin controlling
behavior. For example, dopamine's phasic-synaptic actions
in the NAc shell, which occur in response to natural stimuli
such as food, may play arole in motivational learning
(Bassareo and Di Chiara 1997). Thisterm refersto the
process by which aneutral stimulus that is consistently
associated with areward acquires the ability to elicit moti-
vated behavioral responses. For example, alight that flash-
es each time an animal is fed becomes a motivational
stimulus that induces the animal to search for food.
Similarly, stimuli such as the bottle of a specific brand of
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MOTIVATION AND REINFORCEMENT

When discussing the consequences of acohol’s
actions on the brain, researchers frequently use terms
such as motivation, reinforcement, incentives, and
reward. Below are general definitions of these terms.

Incentives are stimuli that induce behaviors with
the goal of obtaining areward (e.g., food). Thus,
incentives promote responses (e.g., the search for,
approach to, and contact with the reward) necessary
for obtaining the reward’ s biologically relevant
properties (e.g., calories). These responses also can
include emotions. | ncentives themselves have no
primary biological propertiesthat could induce
motivated behavior. Therefore, incentives obtain
motivational properties by being predictably associated
with primary biological stimuli.

Motivation — a process by which stimuli (e.g., the
smell of food) come to trigger responsesto obtain a
reward (e.g., a palatable food) or to avoid a punishment
(e.g., apainful electrical shock) — generally serves
to maintain bodily functioning and ensure survival.

Motivational learning is the mechanism by which
secondary stimuli acquire the ability to dicit behaviora
responses. Two types of motivational learning exist:
incentive learning and habit learning. In incentive
learning, the stimulus acquires the ability to elicit motor
aswell as emotional responses. In habit learning, the
stimulus elicits only physical (i.e., somatic) responses
but is devoid of an emotional content.

Reinforcement existsin two types: pavlovian, in
which the predictable association of areward (e.g.,
food) with a neutral stimulus (e.g., aflashing light)
strengthens the ability of that stimulusto €elicit a
response, and operant, in which the stimulus acts as
areinforcer by eliciting a response that enables the
subject to obtain (positive reinforcement) or to
avoid (negative reinforcement) the same stimulus
in the future.

Rewards are the goals of motivated behavior. A
reward (e.g., food) usually is acomplex stimulus having
primary (e.g., calories) aswell as secondary (e.g., taste
and smell) motivational properties.

Simuli that dicit behavioral responsesfall into two
categories. primary and secondary. Primary stimuli
elicit responses or maintain behaviors without requir-
ing the presence of additiona stimuli or prior learning
processes. Secondary stimuli depend on primary
stimuli to induce aresponse.

beer or the description of the taste of an alcoholic beverage
may become motivational stimuli for alcohol consumption
through dopamine’s phasic-synaptic actions (see below).
Dopamine' s tonic-nonsynaptic actions, in contrast, are
involved in the motor expression of motivated behaviors.

However, some food-related stimuli (e.g., taste) that
activate phasic-synaptic dopaminergic signal transmission
in the NAc shell rapidly undergo aform of tolerance (i.e.,
habituation) (Bassareo and Di Chiara 1997). For example,
rats receiving a palatable food for the first time exhibited
significant dopaminergic signal transmission in the NAc
shell. A second feeding session that took place within 1
day of thefirst feeding session, however, induced no or
only weak dopaminergic signal transmission. Only about 5
days after the first feeding session did the animals recover
the full dopaminergic response to this stimulus. As dis-
cussed later in this article, however, alcohol does not in-
duce a comparable habituation.

ALcoHoL’'S EFFECT ON THE DOPAMINE SYSTEM

Dopaminergic neurons that relay information to the NAc
shell are extremely sensitive to alcohol. For example, in
studies performed in rats, alcohol injected into the blood in
amounts as low as 2 to 4 milligrams per kilogram of body
weight increased dopamine release in the NAc shell and
maintained chronic alcohol self-administration (Lyness
and Smith 1992). In rats, oral alcohol uptake also stimu-
lates dopamine release in the NAc (Weiss et a. 1995). To
achieve the same effect, however, this administration route
requires higher alcohol doses than does alcohol injection
directly into the blood.

The alcohol-induced stimulation of dopamine releasein
the NAc may require the activity of another category of
neuromodul ators, endogenous opioid peptides. (For more
information on endogenous opioid peptides, see the article
by Froehlich, pp. 132—136.) This hypothesisis supported
by observations that chemicals that inhibit the actions of
endogenous opioid peptides (i.e., opioid peptide antago-
nists) prevent alcohol’ s effects on dopamine release.
Opioid peptide antagonists act primarily on abrain area
where dopaminergic neurons that extend to the NAc origi-
nate. These observations indicate that alcohol stimulates
the activity of endogenous opioid peptides, leading indi-
rectly to the activation of dopaminergic neurons. Opioid
peptide antagonists would interfere with this process,
thereby reducing dopamine release.

ALCOHOL’'S ACTIONS AS A REINFORCER:
DopraMINE'S ROLE

Although numerous studies have attempted to clarify
dopamine srolein alcohol reinforcement by manipulating
dopaminergic signal transmission, these investigations do
not allow any firm conclusions (for areview, see Di Chiara
1995). The comparison of alcohol’ s effects with the effects
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of conventional reinforcers, such as food, however, pro-
vides some clues to dopamine’ srole in mediating a cohol
reinforcement.

Palatable food activates dopaminergic signal transmis-
sioninthe NAc shell, for example, by exerting specific
sensory (e.g., taste, or gustatory) stimuli. Orally adminis-
tered alcohol similarly activates taste receptors, thereby
increasing dopamine release in the NAc. In contrast to food,
however, acohol also can modify the function of dopamin-
ergic neurons more directly by entering the brain. Accord-
ingly, ora alcohol administration influences dopamine
release in the NAc both through its gustatory properties
(i.e., asaconventional reinforcer) and through its direct
actions on the brain (i.e., as adrug reinforcer). Consistent
with this hypothesis, two peaks of dopamine rel ease occur
inthe NAc. Thefirst peak results from the a cohol-rel ated
gustatory stimuli; the second results from alcohol’ s actions
within the brain. Consequently, alcohol-induced direct
activation of dopaminergic signal transmission might rein-
force the motivational properties of the gustatory stimuli
associated with alcohol. Asaresult of this mechanism, the
alcohol-related gustatory stimuli acquire strong incentive
properties (i.e., they become motivationa stimuli that in-
duce the drinker to seek even more alcohol). Similarly,
appetitive stimuli related to acohol (e.g., extrinsic stimuli,
such asthe sight of acertain brand of an a coholic beverage
or the sight of abar) also acquire incentive properties and
promote the search for and consumption of acohol.
Through these complex mechanisms, the a cohol-induced
dopamine rel ease activates a secondary reinforcement chain
that promotes alcohol consumption.

DorPAMINE’S ROLE IN THE DEVELOPMENT
OoF ALcoHoL DEPENDENCE

Dopamine release in the NAc shell may be instrumental in
the development of alcohol dependence. Psychological
dependence on a cohol devel ops because alcohol-related
stimuli acquire excessive motivational propertiesthat in-
duce an intense desire to consume al cohol -containing bev-
erages (i.e., craving). Asaresult of thisintense craving,
conventiona reinforcers (e.g., food, sex, family, job, or
hobbies) lose their significance and have only a reduced
impact on the drinker’ s behavior.

One mechanism that may be responsible for the abnormal
significance associated with alcohol-related incentivesis the
nonadaptive nature of alcohol-induced stimulation of
dopaminergic signal transmission in the NAc. As mentioned
previously, enhanced dopamine release in the NAc shell
induced by conventional reinforcers (e.g., food) rapidly
induces habituation, and repeated presentation of related
stimuli no longer induces dopamine release. In contrast, no
habituation occurs after repeated a cohol consumption. Asa
result of the persistent dopamine releasein the NAc shell in
response to alcohol, alcohol-associated stimuli acquire an
abnormal emotional and motivationa significance that re-

sultsin excessive control over the drinker’s behavior. This
excessive control constitutes the essence of addiction.

SUMMARY

Dopaminergic signaling plays a pivotal role in the transmis-
sion of motivational stimuli. Dopaminergic neurons primar-
ily affect brain areas involved in mediating the rewarding
and reinforcing properties of alcohol and other drugs, most
prominently the NAc.

Alcohol affects dopamine release in the NAc, not only
through its associated gustatory stimuli but also through its
direct actions on the brain. The abnormal facilitation of
motivational learning that results from a cohol-induced
stimulation of dopaminergic signal transmission has been
hypothesized to constitute the neurobiological basis of
alcohol addiction. Through this mechanism, al cohol-associ-
ated stimuli acquire the ability to dicit craving and compul-
sive alcohol consumption. =
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